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  16 
The discovery of deep-sea hydrothermal vent fauna, kilometers deep in the oceans, is a great 17 
achievement of 20th-century marine biology. The deep-sea hydrothermal food web does not 18 
directly depend on the sun energy. Vent communities rely primarily on trophic associations 19 
between chemoautotrophic bacteria and consumers. A small number of endemic taxa are 20 
adapted to this highly toxic environment distributed along ridge crests. Where they appeared 21 
and how they dispersed is among the important questions ecologists must answer. Here, by 22 
statistical analysis of the most comprehensive data base ever assembled about deep-sea 23 
hydrothermal fauna, we delineate six major hydrothermal provinces in the World Ocean, then 24 
we identify five significant dispersal flows between adjacent provinces and derive a hypothesis 25 
about the center from which that fauna has dispersed to the oceanic ridges of the world. Our 26 
data-driven conclusion can be tested by phylogenetic studies and completed by surveys of less 27 
explored fields. 28 
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 Discovered in 1977 by 2500 meter depth on the Galapagos Spreading Center, deep-sea 29 
hydrothermal vent communities have been located and studied over different geological and dynamic 30 
environments: fast to slow mid-oceanic ridges, back-arc basins, volcanic arcs, and active seamounts. 31 
On ridge crests, vent habitats are distributed linearly as small mixing cells between hot fluids and 32 
seawater; occurring at irregular intervals1. The associated vent fauna is primarily composed of a small 33 
set of large organisms relying on symbioses with chemoautotrophic bacteria, able to withstand 34 
extreme conditions and persist in a discontinuous and ephemeral environment. A larger set of 35 
accompanying smaller species relying on heterotrophy (deposit of suspension feeders, carnivores or 36 
scavengers) are also conspicuous members of this fauna. A very large majority of the species sampled 37 
at deep-sea vents has not been previously recorded from other marine environments and thus have 38 
been described as specialized or “endemic” of this toxic, unstable and patchy environment (82% of 39 
these species appear to be endemic2). This “endemicity” at a specific level led several authors to 40 
propose that the vent communities has evolved rather independently3 since deep-sea vents were 41 
repopulated from shallower refugia (shallow oxic/anoxic boundaries habitats) after deep-water 42 
anoxic/dysoxic events during the late Cretaceous and early Tertiary2, 4.  43 
  The basic pattern of faunal distribution to emerge is an inverse relationship between faunal 44 
similarity and distance separating vent fields3. Discontinuities of the ridges, as well as hydrological 45 
barriers, limit the along-axis dispersal and favor allopatric speciation. At global scale, biogeographic 46 
factors (physical barriers and corridors) which contribute to the isolation of the vent faunas on 47 
different ridge segments or complexes may yield different, separately evolved sets of species filling 48 
the same niches1, 5 and cause isolation of species groups by the process of vicariance. Among 49 
spreading centers, the faunal composition of the vent communities results of the role of regional scale 50 
vicariance events and dispersal ability of taxa at a historical scale1.  51 
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Biogeographic studies on deep-sea hydrothermal vents 52 
 Biogeography deals with the existence of different faunistic and floristic patterns, at different 53 
spatial scales, in the terrestrial and marine environments. Biogeography seeks to identify these 54 
patterns as well as the forces that shaped present-day distributions of taxa or communities, at different 55 
taxonomic levels1. Distribution patterns are described by a set of biogeographic “provinces”, one of 56 
the oldest concept in biogeography6. A biogeographic province is a subdivision of a region (defined 57 
by geographic criteria, like latitude for example) and it is described by precise criteria7: 1. Small-scale 58 
processes: composition, richness, diversity, abundance, and recruitment8; and 2. Broad-scale 59 
processes: creation of boundaries between provinces, endemism, globate climate, regional tectonics, 60 
and paleo-oceanographic patterns, which can explain vicariance or dispersal9. 61 
 Biogeographic studies of vent communities are of a particular interest because of the 62 
characteristics of these ecosystems: 1. Linear and patchy distributions along spreading centers can 63 
cause isolation of a group of species; 2. Hydrothermal species are specific to their environment2; 3. 64 
Species with a long history of endemicity have probably diversified within the vent and seep 65 
habitats10. Molecular clocks show that presently dominating groups of organisms in vents and seeps 66 
are relatively young (≤ 100 Ma, diversification in the late Cretaceous and Cenozoic2). Their 67 
appearance can be correlated with the last phases of the break-up of Pangaea. These recent groups 68 
have probably derived from other deep-sea (like seeps) or shallow-water ancestors11.  69 
A new approach by applying statistical analyses 70 
 Past hydrothermal vent biogeographic studies involved two steps: the faunal composition was 71 
determined for each oceanic zone; then, comparisons were made between zones (Atlantic12, 13; North-72 
Eastern Pacific Rise14; West-Pacific3, 15; Indian Ocean16). Compilations of survey results by ocean led 73 
to a global picture of biogeographic provinces1, 10, 17. The criteria used to define provinces were 74 
essentially interpretive based on faunal composition at the specific or supra-specific levels, the rate of 75 
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endemicity, and evidence for vicariance and historical dispersal. Statistical methods are rarely used in 76 
these previous studies because the faunal data available were insufficient (Tunnicliffe, pers. com.). 77 
Our approach had benefited from a recent review of hydrothermal vent faunal taxonomy based on the 78 
best direct information available from morphological taxonomy conducted during the past 30 years on 79 
63 hydrothermal vent fields and validated18. Thanks to this most important and complete data table 80 
that had never been used for a biogeographic study on vents, we could use powerful statistical 81 
methods.  82 
 This study has two objectives: first, to propose and validate the clustering of vent fields into 83 
biogeographic provinces, then, to infer the direction of species dispersal between them using a 84 
dispersal model. The analyses involved two statistical steps: 1. Clustering the hydrothermal fields by 85 
Multivariate Regression Tree (MRT) analysis; 2. Calculation of faunal coefficients of dispersal 86 
direction (DD) among the groups (provinces) obtained from the previous step.  87 
Identification of a model in 6 biogeographic provinces 88 
 Analyzing faunal composition at the species level, the hydrothermal fields of the World Ocean 89 
were divided into biogeographic provinces by Multivariate Regression Tree (MRT) analysis, using 90 
the latitude and longitude coordinates of the fields as constraints. A 6-province statistical model (Figs. 91 
1 and 2) was retained because it offered sufficient resolution, given our data (63 fields in total), while 92 
being close to the model which had a low cross-validation error. That model explained 23.3% of the 93 
among-field variation. The statistical model delineates the following provinces: #1 Northwest Pacific 94 
(Izu-Ogasawara arc, Okinawa Trough, Okinawa Arc, Japan ridge), #2 Southwest Pacific (Mariana, 95 
Manus, North-Fiji and Lau back-arc basins, Kermadec arc, Tabar-Feni Volcanic Fore Arc, Intraplate 96 
Seamount, Central Indian Ridge), #3 Northeast Pacific (Juan de Fuca, Explorer, Gorda ridges), #4 97 
Northern East Pacific Rise (NEPR), #5 Southern East Pacific Rise (SEPR), Pacific-Antarctic ridge 98 
(one field only), and #6 Northern Mid-Atlantic Ridge (MAR). Given the considerations evoked in the 99 
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first part of the paper, we can consider these clusters as biogeographic provinces. A biogeographic 100 
model of the vent fauna with 6 provinces had already been suggested (1), but the delineation of the 101 
provinces differed. Other previously suggested models had 7, 6, 5, or 4 provinces19-22. 102 
Characterization of the Northern Pacific Rise as a centre of dispersal 103 
 Coefficients of dispersal direction (DD coefficients 23, 24) were used to identify community 104 
fluxes between adjacent provinces. Five significant fluxes were evidenced by DD computations (Fig. 105 
2). All fluxes (arrows) originated in the Northern East Pacific Rise (NEPR), pointing towards the 106 
Northeast Pacific (NE), Northwest Pacific (NW), the Southwest Pacific (SW), Southern East Pacific 107 
Rise (SEPR), and Northern Mid-Atlantic Ridge (MAR). So, our data-driven approach has generated 108 
the hypothesis that NEPR is a centre of dispersal for the hydrothermal vent fauna. The methods we 109 
used were not specifically aimed at finding centers of dispersal; that conclusion emerged from the 110 
analysis of the survey data. 111 
Discussion 112 
 Even if our model is new, the dispersal pathways between the NEPR and the other provinces 113 
highlighted in our study have already been proposed in the literature.  114 
1) From NEPR to MAR — Because the higher diversity and greater age of the Pacific Ocean, the 115 
fauna of the MAR fields appears to include a subset of the Pacific fauna12. Dispersal pathways have 116 
been assumed between the Pacific and North Atlantic Oceans via the Panama Isthmus25 although no 117 
direct ridge connections have existed between the Pacific and Atlantic ridges. Exchanges may have 118 
taken place through such environments as cold seeps, where reducing hydrocarbon-rich fluid seepage 119 
occurs and chemosynthetic organisms are found, and food-falls such as sunken wood and vertebrate 120 
carcasses; they may also have occurred by dispersal of epipelagic or bathypelagic larvae. This deep-121 
sea corridor stayed open till the complete closure of the Panama Isthmus 3 Ma ago. The vanished 122 
Caribbean ridges and connections to the Eastern Pacific subduction trenches could explain the oldest 123 
7 
 
 
 
exchanges of cold seeps and vent organisms between the Pacific and the Atlantic (96 Ma ago), under 124 
the assumption of faunal exchanges between the two ecosystems. The now vanished Tethys Sea, 125 
between Eurasia and Africa, could have served as a direct conduit for dispersal of vent species from 126 
the Pacific to the North Atlantic about 100 Ma ago13, 25, 26. Genera common to the Mid-Atlantic and 127 
Western Pacific fields led to assume that the South-West Indian Ocean Ridge served as a conduit for 128 
contemporaneous dispersal between these regions3. Whereas the connection between the South 129 
Atlantic and Indian Ocean ridges could allow present faunal exchanges, the Indian Ocean vent fauna 130 
is more similar to the Western Pacific than to the Atlantic vent fauna16. In our study, the Atlantic to 131 
Indian Ocean connection was not tested because of the paucity of data for the Indian Ocean (14 132 
genera only have been identified from the two vent fields explored) and the fact that no faunal 133 
composition data are presently available from the South Atlantic vents, despite the localization and 134 
exploration of active vent fields by 4-10°S. 135 
2) From NEPR to western Pacific — Some 43 Ma ago, the Kula Ridge, now subducted beneath 136 
Alaska, provided a direct link between the NEPR and the western Pacific basins3. The ages of 137 
hydrothermal higher taxa (families and genera) are not in conflict with these fluxes and geological 138 
events because most of them had already appeared before the subduction of the Kula Ridge2. 139 
3) From NEPR to Northeast Pacific — 30 Ma ago, before the North American Plate overrode the 140 
mid-ocean ridge, there was probably a single biogeographic province in the eastern Pacific27; NEPR 141 
and the Northeast Pacific formed a continuous system of potential migration explaining the high 142 
similarities between these two regions1, 25, which have 30 genera in common. 143 
4) From NEPR to SEPR — Several barriers to dispersion have been invoked to explain the genetic 144 
differentiation between NEPR and SEPR, which have the largest number of taxa in common in our 145 
data (51 genera) and the strongest DD coefficient. A dispersal filter was considered to be present 146 
around the equator, where the deep-oceanic currents and topographical features may limit faunal 147 
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exchange between NEPR and SEPR by creating gyres. Phylogenetic studies28 (Fig. 1; Supplementary 148 
Table 2) have led to the hypothesis of a biogeographic barrier at the level of the Easter Island 149 
Microplate filter south of the Equator, separating fields #53-55 (31ºS, Saguaro, German Flats: 150 
Supplementary Table 2) from the other fields of our SEPR statistical province. The MRT analysis 151 
found these two subgroups, but we did not retain them in order to improve the robustness of the DD 152 
analysis, because the southernmost group would only have contained three fields. A new 153 
biogeographic province may be recognized in this region when data become available about more 154 
fields of the Southeast Pacific below 30º S. 155 
Our results point to the NEPR statistical province as a possible centre of biogeographic 156 
dispersal. It has been mentioned as a possible “biogeographic center” in previous studies because the 157 
species pool is very important in this oceanic zone29. In our data, NEPR also has the largest number of 158 
genera, 151, as required from a candidate for the role of center of dispersal (see Data and Methods). 159 
Its high richness may, however, be due to the fact that it is the most intensely studied hydrothermal 160 
region. It has a high similarity with its neighbours: 51 genera are common with the with SEPR, 30 161 
with the Northeast Pacific, 25 with the Southwest Pacific, 19 with MAR, and 15 with the Northwest 162 
Pacific. 69 genera are exclusively found in that province. The number of genera in each statistical 163 
province is coherent with the hypothesis of dispersal and the geographic distribution of provinces: 164 
SEPR is the nearest province to NEPR and it has the most important number of genera in common 165 
with it; on the other hand, the Atlantic has the smallest number of genera in common with NEPR, 166 
probably because of the closure of the Caribbean connection during the Pliocene. On the other hand, 167 
the Pacific is the oldest ocean and the EPR was already active in the middle of Jurassic before the 168 
opening of Atlantic Ocean25; so, because the EPR is a fast-spreading ridge, the hydrothermal activity 169 
is more frequent and variable than on a low-spreading ridge and ecological successions tend to 170 
increase taxonomic diversity.  171 
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The main differences between our model and the others proposed in the literature are the 172 
following: 1. the Southern EPR is defined as a separate province not combined with the Northern 173 
EPR; 2. The Northeast Pacific seems to be more closely linked to NEPR than the NW or SW Pacific 174 
(see results for DD coefficients); 3. The Indian Ocean is combined with the SW Pacific, whereas the 175 
Azores form a province with the other Atlantic fields.  176 
Previous biogeographic studies on vents were carried out from compilation of faunal 177 
composition. Because of the small amount of data, statistical methods were rarely used (Tunnicliffe, 178 
pers. com.). Statistical methods allow to quickly highlight key information; the more precise and 179 
abundant the data are, the more robust the results. Thanks to the recent update of taxonomic and 180 
community composition information18, we were able to apply advanced statistical methods to a larger 181 
number of vent fields and species than in previous studies. Our analyses will be completed by 182 
explorations that are scheduled to take place in the near future on Southern and Northern MAR, on 183 
the back-arc basins, in the Indian Ocean, and in high latitudes. Our results seem encouraging because 184 
they are in agreement with the main continental drift events (previous paragraphs).  185 
NEPR as a center of dispersal is an attractive hypothesis derived from MRT and DD coefficient 186 
analysis of survey data collected by scientific expeditions during the past 30 years; this data-driven 187 
conclusion can now be tested by detailed analyses of ecological and evolutionary processes acting at 188 
broad and fine spatial and temporal scales. First, a phylogeographic study correlating historical 189 
geological events with the phylogeny of species belonging to some of the cosmopolitan hydrothermal 190 
groups, and examination of the reproduction and dispersal data about hydrothermal organisms, would 191 
allow us to understand the biological mechanisms at the origin of dispersal among the provinces9. 192 
Then, whereas dispersal seems sufficient to explain the distribution of taxa among the provinces, it is 193 
likely that vicariance events have also contributed to biogeographic hydrothermal patterns1. Our 194 
model of hydrothermal dispersal could be completed by including data from another type of 195 
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chemosynthetic ecosystem, the cold seeps. Vents and seeps have several species in common, as well 196 
as many genera and families, which highlights the direct evolutionary links between them2.  197 
No faunal data are available for vast oceanic regions: the South MAR, the northern portion of 198 
the North MAR, as well as the Arctic and the Antarctic oceans. When more data are available, 199 
detailed studies might possibly show different taxonomic groups to have different centers of dispersal 200 
because they have different geographic origins and biotic characteristics. At the moment, however, 201 
little is known about global phylogenetic patterns for most of the hydrothermal fauna, and about the 202 
biology of dispersal except in the case of mollusks. 203 
METHODS SUMMARY 204 
From a recent compilation of data species and complements by different papers and websites, a 205 
species and genera-level databases giving the presence or absence of a specie or a genus in a field 206 
were constituted. 592 species, 332 genera and 63 hydrothermal fields distributed in all oceans were 207 
used. 208 
 First, we applied a Hellinger transformation on the species level data to make them amenable 209 
for the MRT. This is a divisive clustering method which bases its divisions on explanatory variables 210 
that act as constraints on the formation of the groups. At each step, a partition is chosen, along the 211 
values of one of the explanatory variables. The statistic maximized at each division step is the R2.  212 
The latitude and longitude coordinates were used for the divisions. The retained model had six groups 213 
or provinces and the lowest cross-validation error. The tree representation was redrawn by along a 214 
scale of increasing values of the global R2 statistic for the partitions obtained.  215 
 Then, coefficients of dispersal direction at the genus level were used to measure the direction 216 
and importance of taxa fluxes were computed with that may have dispersed, in the past, from regions 217 
of high to low taxonomic richness. Two kinds of coefficients were computed, based on three 218 
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components: a is the number of taxa common to the two provinces considered, b is the number of 219 
taxa exclusive to the first province, and c is the number of taxa exclusive to the second province. Each 220 
coefficient was associated to a McNemar test of asymmetry between b and c quantities. The 221 
significant coefficient values, the sign of a significant coefficient, indicates the direction of fluxes and 222 
the coefficients value, estimates the flow intensity are information used for the interpretation. The 223 
coefficients were computed using the function ‘bgdispersal’ in the ‘vegan’ R-language library.  224 
Full methods and any associated references are available in the online version of the paper at 225 
www.nature.com/nature. 226 
 227 
1. Tunnicliffe, V., McArthur, G.A., McHugh, D. A biogeographical perspective of the deep-sea 228 
hydrothermal vent fauna. Adv. Mar. Biol. 34, 355-442 (1998). 229 
2. Little, C.T.S., Vrijenhoek, R.C. Are hydrothermal vent animals living fossils? Trends Ecol. Evol. 230 
18, 562-588 (2003). 231 
3. Hessler, R.R., Lonsdale, P.F. Biogeography of Mariana Trough hydrothermal vent communities. 232 
Deep. Sea. Res. 38, 185-199 (1991). 233 
4. Chevaldonné, P. et al. (2002) Sister-species of eastern Pacific hydrothermal vent worms 234 
(Ampharetidae, Alvinellidae, Vestimentifera) provide new mitochondrial COI clock calibration. Cah. 235 
Biol. Mar. 43(3-4), 367-370 (2002). 236 
5. Tunnicliffe, V., Desbruyères, D., McArthur, A.G. Plate tectonic history and hot vent biogeography. 237 
In Tectonic, Magmatic, Hydrothermal and Biological Segmentation of Mid-Oceans Ridges. Geol. 238 
Soc. London Spec. Publ. 118, 225–238 (1996). 239 
6. Nelson, G., Platnick, N. Systematics and Biogeography: Cladistics and Vicariance, Columbia 240 
University Press, New York, (1981). 241 
7. Briggs, J.C. Marine Zoogeography, McGraw-Hill, New York (1974). 242 
8. Rosenzweig, M.L. Species Diversity in Space and Time, Cambridge University Press, Cambridge, 243 
(1995). 244 
9. Myers, A.A., Giller, P.S. Process, pattern and scale in biogeography. In Analytical Biogeography, 245 
Chapman and Hall, London, (1988). 246 
12 
 
 
 
10. Van Dover, C.L. et al. Evolution and Biogeography of deep-sea vent and seep invertebrates. 247 
Science 295(5558), 1253-1257 (2002). 248 
11. Black, M.B. et al. Molecular systematics of vestimentiferan tubeworms from hydrothermal vents 249 
and cold-water seeps. Mar. Biol. 130, 141-149 (1997). 250 
12. Van Dover, C.L. Ecology of Mid-Atlantic Ridge hydrothermal vents. J. Geol. Soc. London Spec. 251 
Publ. 87: 257-294 (1995). 252 
13. Gebruk, A.V., Galkin, S.V., Vereshchaka, A.L., Moskalev, L.I., Southward, A.J. Ecology and 253 
biogeography of the hydrothermal vent fauna of the Mid-Atlantic Ridge. Adv. Mar. Biol. 32, 93-254 
144 (1997). 255 
14. Tunnicliffe, V., Juniper, S.K., de Burgh, M.E. The hydrothermal vent community on Axial 256 
Seamount, Juan de Fuca Ridge. Bull. Biol. Soc. Wash. 6, 453–464 (1985). 257 
15. Desbruyères, D., Hashimoto, J., Fabri, M.C. Composition and biogeography of hydrothermal vent 258 
communities in western Pacific back-arc basins. Geophysical monographs 166, 215-234 (2006). 259 
16. Van Dover, C.L. et al. Biogeography and ecological setting of Indian Ocean hydrothermal vents. 260 
Science 294, 818-823 (2001). 261 
17. Tunnicliffe, V. The biology of hydrothermal vents: ecology and evolution. Oceanogr. Mar. Biol. 262 
Annu. Rev. 29, 319-407 (1991). 263 
18. Desbruyères, D., Segonzac, M., Bright, M. Handbook of Deep-Sea Hydrothermal Vent Fauna 264 
Denisia 18, Linz-Dornach (2006). 265 
19. Tunnicliffe, V. Hydrothermal vents: a global system. In JAMSTEC Technical Reports in Deep Sea 266 
Res, 105-114 (1997). 267 
20. Van Dover, C.L. et al. Evolution and biogeography of deep-sea vent and seep invertebrates. 268 
Science 295, 1253-1257 (2002). 269 
21. Tyler, P.A., German, C.R., Ramirez, L.E., Van Dover, C.L. ChEss: Understanding the 270 
biogeography of chemosynthetic environments – From here to where? Oceanol. Acta. 25, 227-271 
241 (2003). 272 
22. Mironov, A.N., Gebruk, A.V., Mosjalev, L.I. Biogeography patterns of the hydrothermal vent 273 
fields: a comparison with non-vent biogeography. Cah. Biol. Mar. 39, 367-368 (1998). 274 
23. Legendre, P., Legendre, V. Postglacial dispersal of freshwater fishes in the Québec peninsula. 275 
Can. J. Fish. Aquat. Sci. 41, 1781-1802 (1984). 276 
24. Legendre, P., Legendre, L. Numerical Ecology, Elsevier Scientific Publishing Company, 277 
Amsterdam (1998). 278 
13 
 
 
 
25. Van Dover, C.L. The Ecology of Deep-Sea Hydrothermal Vents, Princeton University Press, 279 
Princeton (2000). 280 
26. Jollivet, D., Comtet, T., Chevaldonné, P., Hourdez, S., Desbruyères, D., Dixon D.R. Unexpected 281 
relationship  between dispersal strategies and speciation within the association Bathymodiolus 282 
(Bivalvia) – Branchipolynoe (Polychaeta) inferred from the dDRA neutral ITS2 marker. Cah. 283 
Biol. Mar. 39, 359-362 (1998). 284 
27. Tunnicliffe, V. Biogeography and evolution of hydrothermal vent fauna in the eastern Pacific 285 
Ocean. Proc. R. Soc. Lond. B. 233, 347-366 (1988). 286 
28. Hurtado, L.A., Lutz, R.A., Vrijenhoek, R.C. Distinct patterns of genetic differentiation among 287 
annelids of eastern Pacific hydrothermal vents. Mol. Ecol. 13, 2603-2615 (2004). 288 
29. Van Dover, C.L., Hessler, R.R. Spatial variation in faunal composition of hydrothermal vent 289 
communities on the East Pacific Rise and Galapagos Rift. In Gorda Ridge: A Seafloor Spreading 290 
Center in the United States Exclusive Economic Zone. Springer-Verlag, New-York, (1990). 291 
14 
 
 
 
Supplementary Information is linked to the online version of the paper at www.nature.com/nature 292 
Acknowledgments This research was supported by NSERC grants 7738 to P. Legendre and by ANR 06 BDIV 005 grant 293 
to D. Desbruyères. 294 
Author Contributions: C.B. and P.L. analysed the data and interpreted the results. D.D aided in the interpretation by 295 
providing important information on the biology and ecology of the deep-sea hydrothermal vents. All authors discussed the 296 
study design, the results, commented on the manuscrit and took part in its writing. 297 
 298 
Author Information: The data deposition is available in the online version of the paper at www.nature.com/nature. The 299 
authors declare competing financial interests: details accompagny the full-text HTML version of the paper at 300 
www.nature.com/nature. Reprints and permissions information is available at http://www.nature.com/reprints. 301 
Correspondence and requests for materials should be adressed to C.B. (charleyne.bachraty@umontreal.ca) and P.L. 302 
(Pierre.Legendre@umontreal.ca) 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
15 
 
 
 
METHODS 314 
Assemblage and transformation of the data used 315 
The data were assembled from a recent compilation18, completed by studying the literature, databases 316 
on the WWWeb30-32 and contacts with researchers. One database for the species and one for the genus 317 
level were constructed for 63 hydrothermal fields. They give the presence (coded 1) or absence 318 
(coded 0) of 592 species and 332 genera in each of fields (Fig. 1; Supplementary Tables 1 and 2). To 319 
make amenable to least-squares analyses such as MRT33, the specie data were subjected to a Hellinger 320 
transformation, which consists of dividing each value by the row (field) sum and taking the square 321 
root of the result. 322 
Defining a biogeographic model with the multivariate regression tree (MRT) 323 
The MRT34 is a divisive clustering method for a multivariate response data table Y (the transformed 324 
datatables), which bases its binary divisions on external explanatory variables X that act as constraints 325 
on the formation of the groups. At each step, a partition is chosen, along the values of one of the 326 
explanatory variables X, that maximizes the difference, for the response data Y, between the two 327 
groups formed. The R2, or equivalently the among-group sum-of-squares is maximized at each 328 
division step. After the first partition, new partitions are identified in the two groups independently 329 
according to a hierarchical way. The tree with the lowest cross-validation error is often retained, but 330 
its number of partitions, relative error, cross-validation error and its the standard deviation may also 331 
described it.  332 
 MRT was used to obtain groups of fields that were similar in faunal composition and adjacent 333 
in space, thus delineating biogeographic provinces. Latitude and longitude were used to impose a 334 
constraint of spatial contiguity to the tree. Consequently, the tree will display groups of fields that are 335 
adjacent to each other in the World Ocean; these groups will form our hypothesis of biogeographic 336 
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provinces. The tree was computed using the ‘mvpart’ library35 in the R statistical language36 and 337 
redrawn along a scale of increasing values of the global R2 statistic for the partitions obtained.  338 
Estimation of the direction and importance of community fluxes between adjacent provinces 339 
DD coefficients are constructed to measure the flow of taxa that may have dispersed, in the past, from 340 
regions of high to low taxonomic richness (assumption 4 below), as witnessed by present-day 341 
richness gradients, assuming that past dispersal of communities has left traces in present-day 342 
distributions (assumption 3). The test of significance associated (below) gives statistical support to the 343 
empirically-discovered hypotheses of fluxes. We computed at the genus level because we were 344 
looking for similarities in faunal composition between adjacent provinces found that may have been 345 
produced by dispersal of organisms before the differentiation of some present-day species. Two kinds 346 
of coefficients were computed: DD1 = [a/(a+b+c)]×[(b–c)/(a+b+c)] and DD2 = [2a/(2a+b+c)] ×[(b–347 
c)/(a+b+c)]; a is the number of taxa common to the two provinces considered, b is the number of taxa 348 
exclusive to the first province, and c, for the second province. The first portion of each coefficient 349 
measures the similarity between regions (Jaccard index in DD1, Sørensen index in DD2) while the 350 
second portion measures the asymmetry in taxonomic composition. To each DD coefficient was 351 
associated a McNemar test of asymmetry between the quantities b and c; the Sidak correction was 352 
applied to the significance level α to control for type I error due to multiple testing: α' = 1–(1–α)1/m; 353 
m = 12 was the number of multiple comparisons. The significant coefficient values indicate 354 
significant asymmetry in taxonomic richness and support the hypothesis of a flux between adjacent 355 
provinces, the sign of a significant coefficient, given by the quantity (b–c), indicates the direction of 356 
taxonomic flux and the DD value, which reacts to both the similarity and the asymmetry between 357 
provinces, estimates the flow intensity, are information used for the interpretation. If data are missing 358 
about some taxa or there are identification errors, or differences in nomenclature among provinces, 359 
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the DD analysis results can be blurred; it is, however, quite unlikely that a false significant pattern 360 
will emerge. The results will thus judged (Fig. 2) by the coherence of the overall pattern that will 361 
emerge. The coefficients were computed using the function ‘bgdispersal’ available in the ‘vegan’ R-362 
language library 37. It provides DD1, DD2, the a, b, c, the McNemar chi-square statistics and their 363 
associated probabilities. 364 
 Interpretation rests on four assumptions: 1. Taxa can only disperse between adjacent provinces; 365 
Considering the past and present connections among oceans, among the 15 pairs of provinces, three 366 
were not adjacent, so not studied: NW Pacific ↔ SEPR, NE Pacific ↔ SEPR, and SEPR ↔ MAR. 2. 367 
Dispersal by active or passive migration is a likely mechanism among fields in each province and 368 
between adjacent provinces. 3. Past dispersal has left traces in present-day distributions; indeed, if no 369 
indication of taxa dispersal remains in present-day distributions, the coefficients cannot detect it; that 370 
is the basis for all historical research. 4. Dispersal comes from provinces of high to low taxonomic 371 
diversity. This statement assumes that, for historical (e.g. older provinces) or chance reasons, more 372 
taxa may have originated in some provinces than in others. If this fairly weak assumption is correct, 373 
then more taxa should have dispersed from provinces with high diversity to provinces with low 374 
diversity than the opposite. We entertained this hypothesis to find what picture of historical dispersal 375 
it led to for the deep-sea hydrothermal world. The significant arrows identified result from applying 376 
the DD method to the data; the McNemar test identified the significant asymmetries in the 377 
distributions of taxa while the coefficients estimated the direction and intensity of the fluxes under the 378 
present set of assumptions. One could, of course, entertain a different assumption, that taxa formation 379 
rates were equal in all provinces and physical mechanisms subsequently concentrated taxa in the 380 
provinces that are now displaying high diversity. Then the DD coefficients should not be interpreted 381 
as to reconstruct dispersal history among provinces. We would, however, have to wait for the 382 
formulation of dispersal hypotheses based on physical evidence (paleo and modern deep-ocean 383 
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Figure captions 415 
Figure 1 | Geographic distribution of the 63 hydrothermal fields studied in a model with 6 416 
biogeographic provinces. 417 
The complete name of each field, their location on the ridges, back-arc basins, submarine volcanoes 418 
and the abbreviations used during the analyses are shown Supplementary Tables 1 and 2. Circles 419 
represent the 6-provinces biogeographic model and the arrows, the significant coefficients of dispersal 420 
direction (values of DD2 in italics). This analysis leads to the hypothesis that Province #4 (Northern 421 
East-Pacific Rise) could be the centre of dispersal of the world hydrothermal vent fauna. 422 
Figure 2 | Six-province model obtained by multivariate regression tree (MRT) analysis of the 423 
community composition data, using latitude and longitude as the constraining variables. 424 
n is the number of fields in each statistical province. Latitudes are from the equator, longitudes are 425 
east from Greenwich. The fields forming each province are represented by numbers (Supplementary 426 
Table 2). The tree was redrawn as a function of the explanatory power of the groups (R2 values in 427 
ordinate) as the number of groups increases from 2 to 6.  428 


